At birth a surge of CAs, mainly originating from the adrenals (1), serves important roles in protecting the newborn against hypoxia, in maintaining homeostasis, and in adaptation to extrauterine life (2) (3) (4) . This surge is paralleled by a significant increase in CA enzyme and peptide mRNA levels in the adrenal medulla (5, 6) . How important adrenal CAs are in the perinatal period is indicated by the fact that adrenalectomized 1-d-old rat pups die when exposed to severe hypoxia (3) . At this early stage CA release in rat is partly regulated by a direct O 2 -sensing mechanism (7, 8) . This capacity of the chromaffin cells is lost parallel to the maturation of the cholinergic regulation of the adrenal (9) , and to the down-regulation of the chromaffin cell ENK levels (10, 11) . Interestingly, after splanchnicectomy, both the O 2 -sensing capacity (9) and the high levels of ENK in the chromaffin cells return (12) . This would suggest that cholinergic input, adrenal ENK, and adrenal medullary maturation and function are linked. Prenatal exposure (13, 14) to nicotine leads to a similar situation as adrenalectomy in rat pups, i.e. approximately one fifth of nicotineexposed pups die during severe hypoxia compared with none in the control groups. This may be related to defective CA release mechanisms (13) or a disturbed synthesis of CAs (14) , i.e. the important arousal with hypoxia, induced by release of adrenal CAs, may be disturbed.
The correlation between prenatal nicotine exposure, a decreased capacity to survive hypoxia, and a disturbed CA release or synthesis in the adrenal is interesting in light of the well-known relationship between maternal smoking and SIDS (15) . For example, in Stockholm approximately nine of 10 SIDS victims were exposed to nicotine before death (16) . Thus, it is possible that a defective adrenal regulation and function, triggered by prenatal nicotine exposure leading to an attenuated hypoxic arousal mechanism, is one factor underlying SIDS.
In this study we have looked at the effects of chronic prenatal nicotine exposure on the regulation of TH and ENK mRNA levels in the rat adrenal medulla at birth.
METHODS
The experiments were approved by the local ethics committee (Stockholms norra djurförsöksetiska nämnd; Dnr N134/98).
Four timed pregnant Sprague-Dawley rats (B&K Universal AB, Sollentuna, Sweden) with a mean body weight of 350 g were kept individually on a regular 12 h light/12 h dark cycle with food and water ad libitum, according to the guidelines approved by the local ethics committee. On d 6 of gestation an osmotic minipump (2ML4, 2.5 L/h; Alzet, Palo Alto, CA, U.S.A.) was inserted i.p. after lightly anesthetizing the dam with ether. Nicotine bitartrate was administered at a dose of 6 mg/kg per day (equal to approximately 2 mg of free nicotine base per kilogram per day) calculated on body weight at start. Control animals had an identical pump inserted but filled with saline. Pups were divided into four groups; E21 pups of nicotine-or saline-treated dams (E21 nicotine and E21 control ) and 12-h-old pups of nicotine-or saline-treated dams (12h nicotine and 12h control ). Eight animals were included in each group. The E21 pups were removed by cesarean section after anesthetizing the dam with pentobarbital (20 -40 mg/kg) and decapitation. Pups were immediately put in ice-cold water, and adrenals were rapidly dissected and frozen on dry ice. The 12-h groups were born naturally, kept with their mothers, and then killed 12 h postnatally, at which point the adrenals were dissected out and treated as above.
In situ hybridization. The nonfixed tissues were cut at 14 m in a cryostat (Microm, Heidelberg, Germany) and mounted on ProbeOn microscope slides (Fisher Scientific, Pittsburgh, PA, U.S.A.). In situ hybridization with synthetic oligonucleotides complementary to nucleotides 1441-1488 of TH (17) and 322-361 of ENK (18) ) and purified through QIAquick nucleotide removal columns (QIAGEN, Hilden, Germany), was performed at 42°C as previously described in detailed (19) . Control hybridization was performed with addition of excess (ϫ100) of unlabeled probes.
Quantification of mRNA. Slides and 14 C standards [Amersham (20) ] were covered with Hyperfilm ␤-max film (Kodak, Rochester, NY, U.S.A.) and exposed at Ϫ20°C for 3 and 7 d. Computerized and digitized quantification of tissue gray levels (256 levels) on the films was performed using a Nikon Microphot FX-microscope (Nikon, Tokyo, Japan), a Macintosh computer equipped with a QuickCapture frame-grabbing board (Data Translation, Marlboro, MA, U.S.A.), and a Dage-MTI 72 CCD series camera (DAGE-MTI, Michigan City, IN, U.S.A.) equipped with a Nikon 55-mm f2.8 lens, and by use of the public domain NIH Image program (http://rsb.info.nih.gov/nih-image/), as described earlier (5, 6) . Gray levels of the 14 C standards were determined and used in a third-degree polynomial approximation to construct a gray level to activity transfer function. The border of each medulla was defined, and mean gray intensity was measured and compared with the gray levels of the 14 C standards, after correction for the background. Three or four sections of each adrenal medulla were measured. All comparisons between groups were made on sections hybridized together, under identical conditions and exposed for the same period on the x-ray film.
Statistical analysis on raw data was performed using Kruskal-Wallis nonparametric test and ANOVA, and p Ͻ 0.05 was considered significant. The E21 control values were used for comparison and set to 100% for graphical clarity.
RESULTS

Control.
The results on TH and ENK mRNA levels in the E21 control and 12h control groups resemble our previous results (5, 6), i.e. these mRNAs were significantly up-regulated at 12 h after birth. TH mRNA levels increased from 100 Ϯ 26.3% to 209.3 Ϯ 55.0% (mean Ϯ SD; p Ͻ 0.01), and ENK mRNA levels, from 100 Ϯ 13.2% to 186.3 Ϯ 19.6% (p Ͻ 0.05; Table 1 and Fig. 1 ; NS). However, for ENK mRNA the situation was different (Table 1 and Fig. 1 ). The pattern with low prenatal and high postnatal levels of ENK mRNA as in the control situation was significantly (p Ͻ 0.01) changed, i.e. levels before birth were significantly elevated in the nicotine group (163.0 Ϯ 28.1% in E21 nicotine versus 100 Ϯ 13.2% in E21 control ; p Ͻ 0.01), and after birth no up-regulation occurred. Rather a tendency toward down-regulation was seen. Levels of ENK mRNA in the 12h nicotine group (143.4 Ϯ 48.1%) were lower (p Ͻ 0.05; ANOVA) than in the 12h control group (186.3 Ϯ 19.6%).
DISCUSSION
In this study we demonstrate that in the rat prenatal exposure to nicotine significantly increases ENK mRNA levels prenatally and leads to an obliterated postnatal ENK mRNA up-regulation.
The birth-related increases of TH and ENK mRNAs in the control situation found here were lower than in our earlier studies (TH 512% (5) and TH 470% and ENK 710%, calculated on E21-normoxic versus 12h-norm [see Holgert et al. (6) ]. This discrepancy may in part be related to different circumstances in all three studies: dams were untreated (5), kept in specially designed boxes to control the atmosphere (6), and, herein, carried osmotic minipumps i.p. However, in all three studies marked and significant birth-related increases in Figure 1 . Levels of ENK mRNA and SD in respective group (control, q; nicotine, ⅙). The E21 control values were used for comparison and set to 100% for graphical clarity. *p Ͻ 0.05; **p Ͻ 0.01. TH and ENK mRNA levels were found, indicating that although the basal conditions were different, this response at birth remains, strengthening its biologic significance. Release and synthesis of CAs in the adrenal are mainly regulated transsynaptically via acetylcholine released from preganglionic nerve terminals of the splanchnic nerve (21, 22) . However, in the rat this regulation is not mature at birth (9, 11) . Still, CAs are released with hypoxia (3), and synthesis of CA enzymes, and also of ENK and neuropeptide Y, is up-regulated several-fold at birth (5, 6) . Most likely an O 2 -sensing mechanism in the chromaffin cells plays a regulatory role at this stage (7, 8) . The transsynaptic cholinergic regulation is then established during the first 2 postnatal weeks, in which the preganglionic fibers fill up with acetylcholine and ENK (10, 11, 23) . As a consequence (24) , ENK levels in the chromaffin cells are down-regulated (10, 11, 24) , and the O 2 -sensing capacity of the chromaffin cells and their ability to release CAs with hypoxia are gradually attenuated and finally erased (9) . However, in the adult rat with splanchnicectomy, administration of cholinergic blockers, and administration of monoclonal acetylcholine-esterase antibodies (12) , the latter treatment destroys only preganglionic neurons of the splanchnic nerve (25) , all lead to a return of the immature ENK pattern (12) and regulation (20) . This suggests that stimulation of chromaffin cell cholinergic receptors, chromaffin cell ENK levels, and the mode of chromaffin cell regulation are linked. Moreover, in lamb, pretreatment with naloxone enhances the CA surge at birth, indicating an inhibition of endogenous opioids on CA release at birth (2). Thus, it is possible that both preganglionic and endogenous ENK are involved in chromaffin cell regulation, and that the transient up-regulation of ENK mRNA seen after birth in rat (6) reflects a surge of ENK to inhibit modulation of the massive release of CAs at this time.
In this study we show that the pattern with low prenatal ENK mRNA levels followed by a birth-related up-regulation is changed, or opposed, after prenatal exposure to nicotine (Fig. 1) . These results strongly suggest that prenatal exposure to nicotine alters the perinatal regulation of ENK mRNA in the rat adrenal medulla, and that the suggested inhibitory modulation of CA release at birth by ENK is altered by prenatal exposure to nicotine. Another consequence may be that prenatal nicotine exposure enhances the maturation of the chromaffin cells by a premature stimulation of cholinergic receptors, leading to a premature attenuation of the O 2 -sensing capacity of the chromaffin cells. Thus, a situation with a regulatory gap, i.e. no remaining O 2 -sensing capacity of the chromaffin cells, yet no mature transsynaptic regulation, may develop. The ability to respond to hypoxia with release of adrenal CAs would then be attenuated during this gap, which probably leaves the neonate more vulnerable to hypoxia.
We speculate that the suggested effects of prenatal nicotine exposure are part of the mechanism(s) behind the attenuated capacity of pups prenatally exposed to nicotine to survive severe hypoxia (13, 14) , and may relate to the increased risk for SIDS in children of smoking mothers.
CONCLUSIONS
Chronic prenatal exposure to nicotine alters the regulation of ENK mRNA in the perinatal rat adrenal medulla. This may lead to a disturbed regulation of CA release at birth and during hypoxia, and might be a factor contributing to the attenuated capacity of these pups to sustain severe hypoxia. We speculate that these effects may be part of the mechanism(s) underlying the relation between maternal smoking and SIDS.
